Electronic-Structure-Driven Magnetic Ordering in a Kondo Semiconductor CeOs2Al 
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We report the anisotropic changes in the electronic structure of a Kondo semiconductor CeOs2 Alio 
across an anomalous antiferromagnetic ordering temperature (To) of 29 K, using optical conductivity 
spectra. The spectra along the a- and c-axes indicate that a c-f hybridization gap emerges from a 
higher temperature continuously across To. Along the &-axis, on the other hand, a different energy 
gap with a peak at 20 meV appears below 39 K, which is higher temperature than To, because 
of structural distortion. The onset of the energy gap becomes visible below Tg. Our observation 
reveals that the electronic structure as well as the energy gap opening along the 6-axis due to the 
structural distortion induces antiferromagnetic ordering below Tq. 

PACS numbers: 71.27.+a, 78.20.-e 
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Rare-earth intermctallic compounds provide useful 
materials with characteristic physical properties, such as 
heavy fermions, Kondo semiconductors/insulators, and 
so on, due to the interaction between the local 4/ 
electrons and the conduction electrons; namely c-f hy- 
bridization [l|. With regard to these properties, Kondo 
semiconductors arc known to have a c-f hybridization 
gap on the Fermi level (Ep), even though the mag- 
netic susceptibility at high temperature obeys the Curie- 
Weiss law, indicating the local 4/ character [31 ■ Typical 
Kondo semiconductors such as SmBg, YbBi2, Ce3Bi4Pt3, 
CcRhSb, and others studied previously have no phase 
transition below the Kondo temperature (Tk) because 
the magnetic moments of Ce 4/ are quenched due to the 
Kondo singlet state via strong c-f hybridization. 

However, the recently discovered Kondo semiconduc- 
tors CeM2Alio {M — Os, Ru) that show another anoma- 
lous phase transition at a characteristic temperature Tq 
(28.7 K for M = Os, 27.3 K for Ru) below the Kondo 
temperature (Tk ~100 K for Os, 60 K for Ru) have 
been found [3|-l5[, in contrast to the related material 
CeFe2Alio, which is a typical Kondo semiconductor even 
at very low temperatures [a, lZ|. Below Tq, CeOs2Alio 
shows a different semiconducting activation type electri- 
cal resistivity from that above Tq despite the fact that 
CeRu2Alio shows metallic characteristics [8[. CeM2Alio 
is an orthorhombic YbFc2Alio type crystal structure 
(space group Cmcm., No. 63) [9|. Very recently, long- 
range antiferromagnetic ordering with small magnetic 
moments has been observed below Tq in CcOs2Alio and 
CeRu2Alio ll|-ll3[. Since the Ce-Ce distance is about 
5 A, which is longer than that of normal Ce compounds, 
however, the Rudcrman-Kittel-Kasuya-Yoshida (RKKY) 
interaction is not believed to be the origin of the phase 
transition at To. Therefore, the origin of the antiferro- 



magnetic ordering remains unknown. 

In this Letter, we describe an investigation into the 
origin of the anomalous phase transition at Tq, as well as 
the change in the electronic structure of CeOs2Alio, using 
temperature-dependent anisotropic optical conductivity 
[o'(w)] spectra. At higher temperatures, CeOs2Alio has 
the electronic structure of an anisotropic semiconductor. 
Below 39 K (hereafter, T*), which is higher than Tq, on 
the other hand, a pronounced peak structure of the <j{uj) 
spectra only along the 5-axis appears at a photon energy 
hjj of 20 meV, indicating evolution of the energy gap 
because of structural distortion; the (y{u)) spectra along 
the a- and c-axes are unchanged, except for a reduction in 
thermal broadening. Onset of the 2G-meV peak appears 
below Tq. These observations indicate that opening of 
the energy gap induces antiferromagnetic ordering. 

Near-normal incident polarized optical reflectivity 
[i?(ci;)] spectra were acquired in a very wide photon- 
energy region of 2 mcV ~ 30 cV to ensure an accu- 
rate Kramers-Kronig analysis (KKA). Single-crystalline 
CeOs2Alio was synthesized by the Al-flux method [8| and 
was well-polished using 0.3 /im grain-size AI2O3 wrap- 
ping film sheets for the R{ui) measurements. Martin- 
Puplett and Michelson type rapid-scan Fourier spectrom- 
eters (JASCO Co. Ltd., FARIS-1 and FTIR610) were 
used at photon energies fiw of 2 - 30 mcV and 5 meV - 
1.5 eV, respectively, with a specially designed feed-back 
positioning system to maintain the overall uncertainty 
level less than ±0.5 % at sample temperatures T in the 
range of 8 - 300 K [ii|. To obtain the absolute R{uj) 



values, the samples were evaporated in-situ with gold, 
whose spectrum was then measured as a reference. At 
T = 300 K, i?(w) was measured for energies 1.2-30 eV by 
using synchrotron radiation [15[. In order to obtain a{uj) 
via KKA of i?(w), the spectra were extrapolated below 
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FIG. 1: (Color online) Low-energy portion of the 

temperature-dependent polarized reflectivity [-R(a;)] spectra 
of CeOs2Alio along three principal axes. (Inset) The entire 
reflectivity spectra at 300 K along the a-axis (solid lines), 
fe-axis (dashed lines), and c-ajds (dotted lines). 



FIG. 2: (Color online) Temperature-dependent polarized op- 
tical conductivity [o"(cij)] spectra of CeOs2Alio in the photon 
energy region below 70 meV. Each of the lines is shifted by 
1.25 xlO^ Q.-^cn-T^ for clarity. 



2 meV with a Hagen-Rubens function, and above 30 eV 
with a free-electron approximation i?(w) oc lo~'^ [16|. 

The i?(w) spectra obtained along the a-axis {E//a), 
6-axis {E//b), and c-axis {E/ /c) are shown in Fig.[TJ As 
can be seen in the inset, the i?(w) spectra nionotonically 
decrease up to hu =10 eV because the conduction band 
of Al expands to about 10 eV below Ep according to the 
band calculation (not shown). The characteristic double- 
peak structure of Ce compounds in the energy range of 
100-300 mcV, which originates from the top of the va- 
lence band to the unoccupied Ce 4/ state with spin-orbit 
splitting 17|, slightly appears only in E/ /h. In addition, 
the X-ray photoemission spectrum of the Ce 3d core level 
suggests mixed valence of the Ce ion (not shown) jlSf . 
Both of these features indicate strong c-/ hybridization 
intensity. 

Let us focus on the spectra below 100 mcV. There arc 
two sharp peaks in E / /a, one peak in E / /h, and three 
peaks in E/ /c in the range fujj = 10-25 meV due to opti- 
cal phonons. Except for these peaks, the i?(w) spectra for 
all principal axes at 300 K are Drude-likc spectra that in- 
crease to unity with decreasing photon energy, indicating 
a metallic character. Below 80 K, the value of i?(a;) below 
50 meV rapidly decreases with decreasing temperature, 
and eventually, at the lowest accessible photon energy, 
R{u}) does not close to unity at 8 K except for E / /b. 
This indicates the existence of an energy gap; i.e., the 
material changes to an insulator. 



The temperature-dependent (j{l>j) spectra derived from 
KKA of the R{lo) spectra in Fig. [T] are shown in Fig. [51 
The iy{ijj) spectra for all principal axes at 300 K niono- 
tonically increase with decreasing photon energy, again 
indicating a metallic character. Commonly in all princi- 
pal axes, the (j{lo) intensity below hiu ~ 60 meV decreases 
with decreasing temperature, and at 80 K, a broad shoul- 
der structure appears at about 45 meV, which indicates 
the energy gap due to the strong c-.f hybridization similar 
to other Kondo semiconductors 19|-|22[. 

In E/ /a and E j j c^ the gentle shoulder structures at 
about 50 mcV at 80 K gradually evolve below 130 K and 
an energy-gap structure appears at the low-energy side 
of the peak as the temperature decreases to the mini- 
mum. However, the gap shape and energy do not change 
with temperature (except for the reduction in thermal 
broadening), unlike the case in Ej jh. Below 40 K, a 
sharp Drude structure appears below 10 mcV that dif- 
fers from the spectral shape above 80 K. Therefore, the 
gap structure drastically changes at around Tq. At 8 K, 
the Drude structure disappears in the spectral range and 
a clear energy gap opens, despite the fact that the direct 
current conductivity along the a-axis is about 4000 to 
3000 ri^^cm^^ in all temperature regions. This means 
that a very narrow Drude peak due to in-gap states must 
appear below the accessible energy region. The origin of 
the in-gap states is not clear at present. 

In Ej jh, the overall temperature dependence is sim- 
ilar to those in Ej ja and E/ /c, but one peak at and 
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FIG. 3: Temperature-dependent optical conductivity [a"(c»j)] 
spectra in E//a (a), E//b (b), and E//c (c) at temperatures 
from 10 to 40 K. (d) Temperature dependence of represen- 
tatives of spectral change. ax{5 meV) [x = a,b,c {x is axis 
name)] and crt,(20 meV) are the intensities of the o"(cj) spectra 
at 5 and 20 meV, respectively. 



an energy gap below 20 mcV suddenly appear at tem- 
peratures between 20 and 40 K. To assist in studying 
the spectral change in detail, Figs.[3l^a)-(c) show the fine 
temperature dependence (AT = 2 K) of the (t{uj) spectra 
at temperatures from 10 to 40 K in the three principal 
axes. With decreasing temperature, the spectral weight 
below 10 meV decreases in E/ /a and E/ /c. The tem- 
perature dependence of the cr(w) intensity at 5 meV is 
plotted as da (5 meV) for E/ /a and tTc(5 meV) for E/ /c 
in Fig. [3ljd). Both aa{5 meV) and ac(5 meV) monoton- 
ically decrease with decreasing temperature and do not 
show anomalies at Tq. The temperature dependence is 
the same as that of typical Kondo semiconductors |19l - 
22|, i.e., the state in E/ /a and E/ /c can be regarded as 
that of a Kondo semiconductor. 

In E/ /b, on the other hand, not only does the spectral 
weight below 10 meV decrease, but also a peak grows 
at 20 meV with decreasing temperature. As seen in the 
ab{5 meV) and erf, (20 mcV) behavior, the spectral weight 
shifts from the lower to the higher energy side across 
the energy gap. The change starts at about T* , not Tq. 
T* is the temperature of maximum magnetic suscepti- 
bility (M/H) and of the upturn in electrical resistivity 
{p) H- Therefore, the downturn in AI/H and upturn in 
p originate from generation of the 20-meV peak. In ad- 
dition, the drastic change in the electronic structure in 
E/ /b is consistent with the finding that the temperature- 
dependent p in E I jb at around T* is the largest among 
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FIG. 4: (Color online) (a) Ratio spectra of optical conduc- 
tivity [o"(tj)] at 10, 20, 28, and 36 K, derived from that at 
40 K along the 6-axis. (b) Temperature dependence of the 
peak energy (solid squares), the energy at half of the peak 
intensity (2A, solid circles), and the onset (solid triangles) 
indicated in (a). The inelastic neutron peaks of CeOs2Alio 
(open circles, Ref. [12]) and of CeRu2Alio (open diamonds, 
Ref. [13]) in which the temperature is normalized against To 
are also plotted. The solid, dotted, and dashed lines are the 
temperature-dependent energy gaps predicted by BCS theory 
with Tc = 28.7 K (To), 31 K, and 39 K (T*), respectively. 



those of all the principal axes. 

To clarify the difference in temperature dependence of 
the ct(w) spectra in Ej jb, the ratio [a(w,T)/cr(a;,40 K)] 
spectra, i.e., oiyi) at a given temperature divided by that 
at 40 K, are shown in Fig. Ufa). These plots clearly 
demonstrate the transfer of the spectral weight across Tq 
and T*. In the figure, a peak that appears at 20 meV at 
10 K shifts to the low energy side and broadens with in- 
creasing temperature. From the temperature-dependent 
peak structure, the peak energy, the energy at the half- 
peak intensity (2A), and the onset of the gap are plotted 
as a function of temperature in Fig. Hl^b). In the same 
way as in Fig. [3]^d) , the peak is generated below T* and 
does not have an anomaly at Tq. However, the onset 
becomes visible below Tq. These results mean that the 
electronic structure is modulated below T* and the en- 
ergy gap fully opens below Tq. At Tq, antiferromagnetic 
ordering is developed. This indicates that the magnetic 
phase transition is driven by the electronic structure as 
well as the energy-gap opening in Ej jb. The gap size 2A, 
indicated by the solid circles in Fig. |4|b) , develops below 
a slightly higher temperature than Tq. The temperature 
dependence of 2A is consistent with the peak of inelastic 
neutron scattering (INS) of the same material and the 
related material CeRu2Alio with the temperature nor- 
mahzed by Tq [1J,113|. In the figure, the temperature de- 
pendence of the superconducting gap predicted by BCS 
theory is also plotted for reference. The temperature de- 
pendence at all data points is similar to. but deviates 



slightly from, the BCS curves. This result is consistent 
with the previous study of charge-density wave (CDW) 
and spin-density wave (SDW) transitions such as that of 
(TMTSF)2PF6 [23. In the case of CeOszAlio, no mag- 
netic transition was observed at T*. Therefore, CDW is 
more plausible for the origin of T*. This is consistent 
with the observed superlattice reflections along the [Oil] 
direction [81. 

The change in the (t(w) spectrum due to the 
CDW and SDW transitions has previously been stud- 
ied experimentally in lT-TiSe2 '■ 
(TMTSF)2PF6 m, Cr ^, and others. 



P4W14O50 [25|, 
In all cases, 

the data obtained have indicated that the gap size 2A 
is significantly larger than the mean-field BCS value of 
3.52fcBT'c, where Tc is the critical temperature (~ SfceTc). 
In the case of CeOs2Alio, Tc can be regarded as T*. 
Because 2A at 10 K is 14±1.2 meV (~ 175 ± 15 K), 
the relationship between 2A and T* becomes 2A = 
(4.5 ± 0.4)fcBr*. This is consistent with the results of 
previous studies. Therefore, the CDW scenario is again 
supported. 

To summarize, the electronic structure and origin of 
the anomalous phase transition of CeOs2Alio were inves- 
tigated by the measurement of temperature-dependent 
polarized optical conductivity spectra. Along the a- and 
c-axes, the spectral weight at energies lower than 10 meV 
monotonically decreased with decreasing temperature, 
indicating a Kondo semiconductor characteristic with an 
energy gap of about 10 meV realized in all temperatures. 
In contrast, along the 6-axis, a CDW energy gap opened 
below 39 K, which is higher than Tq, and the onset of the 
energy gap become visible at Tq. Therefore, the anoma- 
lous antiferromagnetic transition at Tq is concluded to be 
driven by CDW transition along the 6-axis, in contrast 
to the lack of phase transition along the a- and c-axes. 
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